The sequence of the genomic region that contains the Adh and Adhr genes of Drosophila funebris was used to demonstrate that both genes are present in species of the funebris group. The sequence of this genomic region reveals a 2.9-kb tandem duplication which encompasses 1.6 kb of the 5Ј flanking region, the entire Adh gene, and two thirds of the first exon of the Adhr gene in D. funebris. This duplication is not fixed in this species since some strains do not carry the duplication. The Adh duplication has also been found in another species of the funebris group, Drosophila macrospina macrospina. The sequence analysis of the 5Ј-flanking region of the Adh gene indicates a single promoter and shows stretches of high similarity with cis-acting elements responsible for the expression of Adh in Drosophila melanogaster. In confirmation of this indication, the larval and adult transcripts have the same length, which corresponds to the transcription from the promoter proximal to the coding region. 
Introduction
The genomic region containing the Adh (alcohol dehydrogenase) gene has been sequenced in approximately 40 species of Drosophila and other close genera. Some of the studied species have another gene in this region, Adhr (alcohol dehydrogenase related), which is closely linked to Adh. Both single-copy genes have been used to generate gene trees to help establish molecular phylogenies in the genus (Russo, Takezaki, and Nei 1995) ; in species with low-codon-biased Adh, Adh has been used to estimate times of divergence between species (Rowan and Hunt 1991; Nurminsky et al. 1996) . Adhr, which is less codon-biased, should give more reliable estimates of divergence time, but it has not yet been found in the majority of species of the Drosophila subgenus.
For some species of Drosophila, molecular data are scarce, as in D. funebris, for which available data come from DNA-DNA hybridization (Caccone, Gleason, and Powell 1992) , rRNA genes (Pelandakis and Solignac 1993) , Ubx (Wilde and Akam 1987) , and the partially sequenced coding region of the amylase gene (Da Lage, Wegnez, and Cariou 1996) . The phylogenetic relationships are poorly resolved with DNA-DNA hybridization (Powell and DeSalle 1995) . The use of mitochondriallationships; and Ubx has been sequenced in only five species of the genus. The availability of sequences of single-copy genes already sequenced in a large number of Drosophila species is necessary for the generation of a species tree.
The region containing the Adh gene is also remarkable for the diversity of its gene organization among drosophilids. In the subgenus Sophophora and in the genus Scaptodrosophila, there is a single Adh gene and an Adhr gene, 3Ј of the former, separated by few hundred base pairs (Schaeffer and Aquadro 1987; Juan, Papaceit, and Quintana 1994) . The Adh gene is expressed from two tandem and temporally regulated promoters in Drosophila melanogaster (Benyajati et al. 1983 ) and in Scaptodrosophila lebanonensis (Juan, Papaceit, and Quintana 1994) . Since this organization is common in two genera of Drosophilidae, it is taken to be the ancestral phylogenetic structure. However, different species of the subgenus Drosophila show different organizations in this region. Drosophila immigrans has the same structure described above (Albalat and González-Duarte 1993) . In Drosophila virilis and in some species of the virilis group, Adh is duplicated, and each copy has a functional Adh gene with two temporally regulated promoters (Nurminsky et al. 1996) . In species of the repleta group, Adh is also duplicated, but each of the two functional copies of the gene, Adh2 and 3Ј from it Adh1, has a single promoter (Fischer and Maniatis 1985 ; reviewed by Sullivan, Atkinson, and Starmer 1990) . Furthermore, species of the Hawaiian group show a single Adh gene with two temporally regulated promoters Dickinson 1986, 1988) . However, the Adhr gene has not yet been described in any of the species of virilis, repleta, and Hawaiian groups. Because of this diversity, it is relevant to investigate both the gene organization of this region in species of different groups in this subgenus and the time at which these differences arose.
The Adh gene is also interesting in its temporal and spatial pattern of expression, since different species have both common and differential features. It has been widely studied in D. melanogaster (Ursprung, Sofer, and Burroughs 1970; Savakis, Ashburner, and Willis 1986; Lockett and Ashburner 1989) , in species of the repleta group (reviewed by Sullivan, Atkinson, and Starmer 1990) , in Hawaiian species (reviewed in Dickinson 1991) , and in S. lebanonensis (Juan, Papaceit, and Quintana 1994) . Therefore, Drosophila Adh is a good model in which to look for common and distinct features of the way in which adaptive changes in gene regulation arise. The sequence analysis of the gene and of its flanking regions is the first step in the study of regulatory regions that determine the temporal and spatial patterns of gene expression.
The sequencing of the genomic clone of D. funebris that hybridized with an Adh probe of D. melanogaster revealed that Adh and Adhr are closely linked in this species and that the region containing Adh is duplicated. We examined the structure of the Adh gene in D. funebris, the presence of the duplication, DpAdh, and the Adhr gene in different strains and in species of the funebris group: Drosophila macrospina macrospina, Drosophila macrospina limpiensis, Drosophila multispina and Drosophila subfunebris.
The sequence analysis of this region allowed us to predict that the Adh gene has only one TATA box proximal to the coding region with the characteristics of a Drosophila promoter as analyzed by Cherbas and Cherbas (1993) and Arkhipova (1995) , and this prediction was confirmed by RNA analysis. The Adhr gene does not have any predictable TATA promoter but shows, as in D. melanogaster Adhr, the INIT (initiation of transcription) and DPE (downstream promoter element) elements described for some TATA-less genes in Drosophila (Burke and Kadonaga 1996) . Its presence does not mean that these elements are functional, since in D. melanogaster, Adhr is translated from an uncleaved polycistronic mRNA which also contains Adh (Brogna and Ashburner 1997) .
Further sequence analysis allowed us to compare the value of codon bias for D. funebris Adh and Adhr with that of other species of Drosophilidae (Moriyama and Hartl 1993) and the synonymous and nonsynonymous substitution rates for both genes. Finally, we used the sequence of these two genes to deduce the molecular phylogenetic relationships of D. funebris and its time of divergence. Juan, Papaceit, and Quintana (1994) .
Materials and Methods

Drosophila
Cloning and Sequencing
A 9-kb genomic clone that hybridized with an Adh probe of D. melanogaster was isolated from a partial pBluescriptKS(ϩ) (Stratagene) plasmid library constructed with the 9-kb XbaI genomic fraction from the strain 111G (Bilbao, Spain) according to Nicholls et al. (1985) . The fragments XbaI-PstI, were subcloned in pBluescriptIIKS(ϩ) and KS(Ϫ). Nested sets of deletions were generated by the procedure of Henikoff (1984) . Deletion clones from both strands were sequenced from either single-or double-strand templates by the dideoxynucleotide chain termination method (Sanger, Nicklen, and Coulson 1977) . DNA sequencing was carried out either manually with the Sequenase 2.0 system (Amersham) or automatically on an ABIPRISM377 automated DNA sequencer (Perkin Elmer) with the ThermoSequenase dye terminator cycle sequencing kit (Amersham). Both in manual and in automated sequencing, each nucleotide was sequenced at least three times.
Oligonucleotides and PCR
A set of four pairs of primers (5Ј-GAGTAACATT-TAGAATTAAGGTGGG-3Ј and 5Ј-CTGAGGAGGAA-CAACTG-3Ј; 5Ј-GGCATATCGATCCTGAGATTGA-3Ј and 5Ј-GGCAGTGACTCCAGTAA-3Ј; 5Ј-GATCA-ATGGCGCTGGCATTC-3Ј and 5Ј-GTGCTGGGCTTT-ATCGATTG-3Ј; 5Ј-TCTGGACCTACGATGTGACC-3Ј and 5Ј-CATCCAAAATCTATCGAGTG-3Ј) were designed to amplify overlapping fragments of the 4.5-kb genomic region encompassing Adh and Adhr of the Kentucky strain. The primers 1, 2, and 3 (5Ј-CTGGAC-AAAGCACTGGGACT-3Ј, 5Ј-ATGTTCTTGTT AGC-GATTGC-3Ј, and 5Ј-GTGCTGGGCTTTATCGATTG-3Ј) ( fig. 1B ) and the Expand High Fidelity PCR System were used to reveal the presence of the duplication DpAdh. Oligonucleotides were synthesized by Pharmacia Biotech, and PCR reactions were carried out in DNA thermal cyclers 2400 (Perkin Elmer) under standard conditions.
DNA Hybridizations Southern Analysis
Aliquots of 7-10 g of genomic DNA were digested with restriction enzymes, electrophoresed on 0.8% agarose gel, and transferred to a nylon membrane (Hybond-N, Amersham) by Southern blot (Sambrook, Fritsch, and Maniatis 1989 priming (Boehringer Mannheim) using 50 ng of DNA and 3,000 Ci per mmol of [␣ 32 P]dCTP (Amersham) to specific activities ranging from 1 to 2 ϫ 10 9 cpm/g of DNA. Hybridizations were carried out in 10-15 ml of hybridization solution at 65ЊC (Sambrook, Fritsch, and Maniatis 1989) . The filters were washed four times for 25 min in 0.2 ϫ SSPE and 0.5% SDS at 55ЊC and exposed to X-ray films (Hyperfilm MP, Amersham) with two intensifying screens for at least 24 h for Adh and 48 h for Adhr genes. The films were scanned by laser densitometry (LKB 2222-020 UltroScan XL). To reprobe filters with the Adhr probe, the Adh probe was previously removed according to the manufacturer's instructions.
In situ hybridizations on polytene chromosomes were carried out as described in Papaceit and Juan (1993) . The probes used were DraI-DraI (745 bp), XbaI-NlaIV (768 bp), and NlaIV-NlaIV (674 bp) ( fig.  1C ).
RNA Analysis
RNA Purification
Total RNA was isolated from 40 mg of staged larvae and adults following the procedure of Chirgwin et al. (1970) . This method was scaled down for use of the ultramicrocentrifuge Optima TL (Beckman), and RNA was spectrophotometrically quantified.
Northern Analysis
Aliquots of 5 g of total RNA were electrophoresed in 2.2 M formaldehyde, 1% agarose and transferred onto a nylon membrane (Hybond-N, Amersham) in 20 ϫ SSC (Sambrook, Fritsch, and Maniatis 1989) . The probes used were ApaI-BglI (434 bp) for Adh of D. funebris and those described in Juan, Papaceit, and Quintana (1994) for Adh of D. melanogaster and S. lebanonensis. The probes were independently labeled as described for DNA hybridization analysis. First, hybridization with the Adh probes was carried out at 42ЊC in formamide overnight. The filters were washed at 42ЊC in 0.2 ϫ SSPE and 0.5% SDS and exposed for 69 h with two intensifying screens at Ϫ80ЊC. After removal of the Adh probes, the filters were hybridized with the 28S rRNA probes as above. Washings were carried out at 67-70ЊC in 0.2 ϫ SSPE and 0.5% SDS. The filters were exposed for 8 h with one intensifying screen.
RNAase Protection Assay
The plasmid used to obtain the Adh riboprobe for the RNAase protection experiment was constructed by cloning the fragment PstI-ApaI (4534-4873, fig. 1C ) in pBluescriptIIKS(Ϫ). Riboprobe for Adh was synthesized by T3 RNA polymerase (Promega) in a 20-l reaction with 80 l of [␣ 32 P]UTP (800 Ci/mmol) as described by Ayer and Benyajati (1990) . It was then gel-purified, counted in a scintillation counter, and diluted to 250,000 cpm/l in deionized formamide. Five micrograms of total RNA and 250,000 cpm of riboprobe were hybridized in a 30-l reaction at 55ЊC overnight, and then RNA was digested with 12 g of RNAase A and 900 U of RNAase T 1 (Boehringer) as described by Ayer and Benyajati (1990) . The digestion was stopped with 4 M guanidine thiocyanate, phenol : chloroform extracted, and precipitated. Undigested RNA was resuspended in 5 l deionized formamide loading buffer, and 2.5 l was analyzed in a 7% acrylamide, 8 M urea gel using a sequencing reaction as molecular weight standard. Dried gels were exposed for 2-3 h at Ϫ80;ЊC with one intensifying screen.
Sequence Analysis
The sequence of the genomic region encompassing the Adh and Adhr genes of the Bilbao strain, which contains the duplication, is under the accession number Y13252, and the sequence of the same region of the Kentucky strain, without the duplication, is under the accession number Y17611. Sequences were analyzed using the software package of the Genetics Computer Group, version 8-UNIX (Devereux, Haeberli, and Smithies 1984) . The values of codon bias for Adh and Adhr genes were estimated by calculating the deviation from random synonymous codon usage, normalized by the gene length, 2 /L (Shields et al. 1988) , and the effective number of codons, N c , by summing the ''effective number of alleles'' used by each of the 20 amino acids. An extremely biased gene uses only 20 codons, whereas an unbiased gene tends to use all 61 codons equally (Wright 1990 ). Synonymous and nonsynonymous rates of nucleotide substitution for the coding regions of Adh and Adhr of nine species representative of different groups which have both genes sequenced (table  1) were estimated according to Li (1993) . Phylogenetic analysis was carried out on 18 Adh and 9 Adhr sequences representative of different genera of Drosophilidae (table 1) . Neighbor-joining (NJ) trees (Saitou and Nei 1987) with and without outgroups were generated with the program NJBOOT2 (Tamura 1993) . Minimum-evolution (ME) trees (Rzhetsky and Nei 1992, 1993) were constructed using the program ME-TREE (Rzhetsky and Nei 1993) . The multiple-hit corrections were calculated with Kimura's (1980) two-parameter model. Adhr genes have similar structures, consisting of three exons and two introns (Benyajati et al. 1983; Schaeffer and Aquadro 1987) . The sequence of the amplified region of the Kentucky strain shows only single copies of Adh and Adhr.
Results
Structure of the Genomic Region Containing
Adh Gene
The sequence analysis of 1.8 kb upstream of the coding region indicates that in D. funebris, the Adh gene has one single promoter, which has sequence characteristics of the distal and proximal promoters of species with two temporally and spatially regulated promoters.
The segment from the XbaI site to the poly A signal of the most upstream copy of the Adh gene reveals a TATA box (51-57, fig. 2 ) that is identical in the Bilbao strain to the distal TATA of the Adh gene in species that have two regulated promoters in tandem, except for Drosophila affinidisjuncta. This putative distal TATA has a nucleotide substitution in position 57 in the Kentucky strain and lacks most of the features that would allow it to be considered a convincing promoter. virilis Adh. These two elements occur at higher than expected frequencies in the cap site region of arthropod promoters (Cherbas and Cherbas 1993) . The element TCAGT is very common in the Drosophila Adh distal promoters (fig. 4) ; even the transition T to C in D. virilis and D. immigrans has been reported for some of the 112 arthropod promoters analyzed by Cherbas and Cherbas (1993) . However, the sequence TCAGG in the proximal promoter of the D. immigrans Adh is not likely to be its homolog, since it was not reported for any of the analyzed promoters.
In agreement with the predictions from the sequence analysis, the northern blots of larval and adult total RNA hybridized with the total probe ApaI-BglI reveal that the transcript is the same size in both stages. We used as a size control RNA of D. melanogaster and S. lebanonensis, since the distal and proximal transcripts of these two species differ by 63 and 89 nt, respectively, and even this small difference is observable. The transcription start site was also mapped by RNAase protection assay in staged embryos, larvae, and adults of the Bilbao and Kentucky strains. The riboprobe was designed to reveal the presence of protected fragments of different lengths, as in species with two regulated promoters in tandem where the splicing of the adult RNA, which is transcribed from the distal promoter, gives a protected fragment whose size is different from that of the protected fragment generated by the proximal transcript (Fischer and Maniatis 1985) . Protected fragments of the same length were observed in larvae and adults of D. funebris ( fig. 5 ). In embryos and pupae, no transcript was detected under the same conditions. These results indicate that the Adh gene of D. funebris is transcribed from a single promoter and that there is heterogeneity at the transcription initiation site.
From the coding region, the deduced amino acid sequence is 254 amino acids in length for all the Adh genes of Drosophila species sequenced to date except for those of the melanogaster group, with 256 residues. The poly A signal fits the consensus AATAAA and is located 142 bp downstream of the stop codon.
Adhr Gene
The Adhr gene seems to be a TATA-less gene, since no TATA is observed at Ϫ25/Ϫ30 from a putative Inr element (CCATTT) at 5883. At 5915, it also shows the consensus GACG for DPE (downstream promoter element). These elements, which are at proper positions relative to the initiation of translation, have been described for TATA-less genes (Burke and Kadonaga 1996) . Additionally, the base composition at the Ϫ25/ ϩ25 interval is not significantly different from that predicted by Cherbas and Cherbas (1993) , but D. melanogaster Adhr, which also has these elements, is translated from an uncleaved polycistronic mRNA, transcribed from the distal promoter of Adh at least in some tissues of that species (Brogna and Ashburner 1997) . The size of the first intron of Adhr is only 57 bp. Its smallness is characteristic of the Adhr genes of the species of the Drosophila subgenus described to date.
From the coding region, the deduced amino acid sequence is 273 amino acids in length, as in D. immigrans (Albalat and González-Duarte 1993) . A nonsynonymous polymorphism has been detected between the genes from two different strains, which in the deduced amino acid sequence corresponds to a conservative replacement of valine 140 by methionine (Miyata, Miyazawa, and Yasunaga 1979) . Valine is the ancestral residue, since all of the sequenced Adhr genes from different species of Drosophilidae have valine in this position.
Structure of a Moderately Repetitive Element Upstream of the Adh Gene
Upstream of the Adh gene, there is a region of approximately 0.8 kb, which is also included in the duplicated fragment, where multiple repeats are arranged in a very complex pattern ( fig. 6 ). There are two imperfect inverted repeats (IRs) with 92% identity in positions 758-864 and 986-1453. The most downstream IR has an insertion of 360 bp which includes two imperfect direct repeats of 43 bp (positions 1120-1162, 1180-1222) and is flanked by a 18-bp sequence at its 3Ј side. This 18-bp sequence is also found in an inverted orientation at positions 908-925 and 540-557.
No relevant similarity was found in the data bank screening with the NlaIV-NlaIV fragment (766-1440), which encompasses both IRs. However, the nucleotide data bank search with the XbaI-PstI fragment (1-1641) revealed similarities for two different regions. The region from 390 to 500 showed about 72% identity with the 5Ј region of the Adh gene of several species of the Drosophila subgenus, which corresponds to the elements BBF-2 and DEP1-DEP2 of D. melanogaster AAE (Adh adult enhancer). The other region, from 540 to 761, showed similarities to mobile elements of species of the obscura group. We found 84.28% identity with S812 (X55391; Marfany and González-Duarte 1992b), 84.24% and 74.19% identity with two sections of ISY-2/3 of Drosophila miranda (L13721; Steinemann and Steinemann 1993), 82.93% identity with ISamb-P (AF012415; Hagemann et al. 1998) , and, finally, 81.96% identity with the P-related sequence of Drosophila subobscura (X60436; Paricio et al. 1991) . These sequences, and others related to them, have been recently proposed as a new category of insertion sequence (IS) elements which are quite common in the obscura group and whose mechanism of transposition is still unknown (Hagemann et al. 1998) . Although their length is quite variable, they share several features, such as sequence similarity, the presence of a well-conserved 14-bp inverted repeat in terminal and subterminal positions, no coding function, dispersed genomic distribution, and a frequent association with other transposable elements. A more detailed analysis was carried out to determine whether the 5Ј region of the Adh gene of D. funebris contains a mobile element that belongs to the newly described family. In fact, the 18-bp repeats of D. funebris include a 14-bp region that shows 11 nucleotides identical to those of the terminal 14-bp repeat that is characteristic of the IS elements described for species of the obscura group. No protein sequence similarity was found for the conceptual translations of the XbaI-PstI segment, which suggests that there is no coding function. The DraI-DraI (53-799) and XbaI-NlaIV (1-768) fragments, without the IRs, and the NlaIV-NlaIV (768-1443) fragment ( fig. 1C ) that carries the region of multiple repeats were used as probes for in situ hybridization to polytene chromosomes. The pattern of hybridization observed was the same for the three probes, with multiple sites of hybridization along the arms of all chromosomes and intense hybridization in the chromocenter. Furthermore, hybridization of Southern blots of restricted genomic DNA from diverse strains of D. funebris and other species of the group with the DraI-DraI probe produced a pattern of multiple banding and intense smear (data not shown) that is characteristic of the middle repetitive elements. We conclude that the 5Ј-flanking region of the Adh gene of D. funebris contains an IS element of the unnamed family described by Hagemann et al. (1998) which is widely distributed throughout the genome of D. funebris and probably in other species of the group. It could also be associated with a more complex mobile element which is only partially sequenced, since the in situ hybridization bands to polytene chromosomes with the probe containing the IR (NlaIVNlaIV) are the same as those with the probe containing the IS homologous section (XbaI-NlaIV). FIG. 2 (Continued) DpAdh and Adhr in D. funebris and Other Species of this Group
The duplication event might have occurred recently, as suggested by the 100% identity of the two segments. To ascertain whether the duplication DpAdh is ubiquitous in the species and in the group funebris, we analyzed the restriction patterns in seven strains from different geographic origins and four species of the group. Digestions with PstI, XhoI, BclI, BglI, ApaI, HindIII, and BamHI enzymes were combined with hybridizations using mutually exclusive probes for Adh and Adhr (fig. 1C) . The Adh probe was the fragment ApaI-XhoI that extends from nearly the 3Ј end of the Adh first exon to the inside of the first intron of Adhr. The Adhr probe was the adjacent fragment XhoI-BamHI, which extends from the inside of the Adhr first intron to the end of the second intron. The results revealed that single digestions with PstI and double digestions with PstI and XhoI combined with the above-mentioned probes diagnosed the presence or absence of the duplication in D. funebris ( fig. 7) . PstI is internal in the duplicated fragment and located outside the coding region. XhoI is located in the first intron of Adhr, outside DpAdh, and generates restriction fragments longer than 12 kb in all strains. In digestions with PstI ( fig. 7a and  b) , the strains with the DpAdh (Lebanon, Aiguafreda, Freixenet, 111G Bilbao, and Mexico) showed two distinct DNA fragments, one of which hybridized with Adh and Adhr, and another which hybridized with Adh only and therefore contains the upstream copy (DpAdh) (fig.  1B) .
Digestions with PstI and XhoI confirmed the above results. The DNA fragment encompassing Adh and Adhr split into at least two fragments, one of about 1.6 kb FIG. 3.-Regions of relevant similarity found after the pairwise BESTFIT and multiple alignment with Adh upstream sequences of Drosophila funebris, Drosophila virilis, and Drosophila immigrans. In bold, elements similar to those described for Drosophila melanogaster AAE (Adh adult enhancer), distal and proximal promoters; BBF-2, B-binding factor-2 (Abel, Bhatt, and Maniatis 1992), DEP1-DEP-2, recognized by FTZ-F1 and DHR39 (Ayer et al. 1993 ). V2, V3, and V13, conserved sequences among the three species previously identified from the comparison of D. virilis, Drosophila hydei and D. melanogaster (Nurminsky et al. 1996) , are in boxes. In shadow, a sequence element of D. funebris similar to AEF-1/cEBP (adult enhancer factor 1 overlaps a sequence recognized by the mammalian CCAAT/enhancer-binding protein) of D. melanogaster (Falb and Maniatis 1992) . Adf-1, promoter-specific transcription factor (Heberlein, England, and Tjian 1985) . Adf-2 (Benyajati et al. 1992 ) is the GAGA factor (Soeller, Oh, and Kornberg 1993; Benyajati et al. 1997) . GATA is the box-A-binding factor, ABF, described for Drosophila mulleri and D. melanogaster larval Adh promoters (Abel, Michelson, and Maniatis 1993) .   FIG. 4. -Sequence alignment at distal and proximal promoters of Drosophila Adh; comparison of the TATA box and initiation sequences proximal to the coding region of Drosophila funebris with those of the species with two tandem temporally regulated promoters and with those that have two single promoter genes. Underlined: PIE (proximal initiator element) in proximal (P) promoter and DIE (distal initiator element) in distal (D) promoter (Hansen and Tjian 1995) ; in bold are the TATA-box and initiator and downstream element described for arthropod promoters (Cherbas and Cherbas 1993) . a, Benyajati et al. (1983); b, Juan, Papaceit, and Quintana (1994) ; c, Nurminsky et al. (1996) ; d, Rowan and Dickinson (1988) ; e, Albalat and González-Duarte (1993) ; f, Yum, Starmer, and Sullivan (1991) ; g, Fischer and Maniatis (1985) . An asterisk indicates that the transcription initiation site has not been determined experimentally. which hybridized with Adh, and another of variable length which hybridized with Adhr, except in the Iran strain due to the loss of the XhoI site. The possibility of double bands hybridizing to the Adh gene as a consequence of gaining a polymorphic PstI or XhoI site inside the Adh gene (there are five potential PstI and three XhoI sites by single-nucleotide substitution) is not consistent with our results, since bands would have to be smaller than 1.6 kb, which is the expected size from the sequenced clone in double digestions with PstI and XhoI, and such bands have not been seen. The strains classified as carrying a single-copy gene (Alaska, Iran, and Kentucky) were subsequently analyzed to confirm the absence of the duplication. This was done by comparing their restriction patterns generated with BclI, BglI, ApaI, and HindIII with the pattern of the Kentucky strain, which has been shown to be homozygous for a singlecopy gene by PCR and sequencing.
The hybridization with the Adhr probe ( fig. 7b and d) also allowed us to distinguish the restriction fragment length polymorphisms (RFLPs) of fragments that carried both Adh and Adhr genes from those RFLPs of DpAdh which did not encompass the complete Adhr gene. The fragments due to RFLPs of the first type should hybridize with the Adh and Adhr probes, but, if they correspond to RFLPs of DpAdh, they should only hybridize with the Adh probe. We observed RFLPs for the DpAdh in Lebanon and Freixenet strains ( fig. 7a and c) , indicating that the duplication is not associated with one single restriction pattern, even within a particular strain. Therefore, the duplication, although it appears to be recent, is old enough for the chromosomes to have accumulated some substitutions outside the Adh coding region, which produces different restriction patterns at least for PstI and XhoI. Furthermore, although the haplotype cloned has 100% identical duplicated segments, there are other haplotypes with at least one nucleotide substitution that leads to the loss of a PstI site, as in the Lebanon and Freixenet strains.
The ratio of densitometry values between fragments carrying DpAdh and those carrying Adh and Adhr genes in the same DNA sample was used to deduce the coexistence or lack of coexistence of chromosomes with and without the duplication. A homozygous strain for the duplication should have the same copy number for DpAdh as for Adh. Therefore, we expected the same The upper faint band in the Freixenet strain is due to incomplete digestion, since it was not observed in other Southern blots. The fragments of 2.9 kb (Aiguafreda, Freixenet, 111G Bilbao, Mexico, and macrospina macrospina) and 6.6 kb (Lebanon, Freixenet, and macrospina macrospina) in a contain only the DpAdh. The 6.6-kb fragment corresponds to a restriction fragment length polymorphism of the DpAdh. The double-digestion PstI-XhoI breaks the PstI fragments of 4.0 (Mexico) and 5.4 kb of some strains of D. funebris and of Drosophila macrospina macrospina into at least two fragments. One of them, about 1.6 kb and containing Adh and part of Adhr, hybridizes with the Adh probe (c), and the other, about 3.8 and 1.5 (in the Mexico strain) kb, hybridizes with the Adhr probe only (d). The PstI 4.0-kb fragment and the PstI-XhoI 1.5-kb fragment generated by the Mexico strain correspond to the gain of a XhoI site and a PstI site nearest to the 3Ј end of the Adhr gene relative to the other strains. intensity in fragments with DpAdh as in fragments with Adh and Adhr in the hybridizations with the Adh probe. This result was observed in the 111G Bilbao, Mexico, and Freixenet strains. Strains segregating for DpAdh should give variable intensity values for DpAdh that are lower than those for Adh, depending on the frequency of the DpAdh in the strain. This result was observed in strains from Lebanon and Aiguafreda ( fig. 7c ), indicating the coexistence of chromosomes with and without duplication in the original populations.
Duplication has also been found in D. macrospina macrospina and is also associated with two restriction patterns ( fig. 7a and b) that are apparently similar to two RFLPs of D. funebris. In D. multispina, the fragment of 5.4 kb hybridized with both probes ( fig. 7b and d) . Since the lengths of fragments encompassing DpAdh, Adh, and Adhr should be around 7 kb assuming the loss of the internal PstI and XhoI sites, the observed sizes of the fragments suggest that there is no duplication of the Adh gene in this species, or at least not in the strain studied.
In D. macrospina limpiensis, the 5.0-and 4.7-kb fragments ( fig. 7c ) could be interpreted as RFLPs due to a XhoI polymorphic site, but we cannot discard the possibility that both fragments represent a duplication encompassing the Adh and Adhr genes. Drosophila subfunebris showed a PstI fragment of 9.4 kb that also hybridized with the Adh and Adhr probes ( fig. 7a and b) .
In digestions with Pst I-XhoI, we repeatedly observed two fragments of 9.4 and 4.2 kb that hybridized with Adh ( fig. 7c ), but only the fragment of 4.2 appeared to hybridize with Adhr (data not shown). Again, the results could be interpreted as a consequence of a polymorphism for an internal XhoI site, but a duplication encompassing the two genes would give similar results. To confirm the presence or absence of a duplication similar to the DpAdh of D. funebris in the species of the funebris group, we used a set of three primers to amplify the spacers between duplicated genes and between Adh and Adhr ( fig. 1) . The 3Ј end of each primer corresponds to a first codon position in a conserved region. PCR amplifications were performed in Kentucky and Bilbao strains as negative and positive controls, respectively. PCR amplifications with primers 1 and 2 produced a fragment of 2.05 kb in the Bilbao strain, with DpAdh, and no PCR product in the Kentucky strain, without DpAdh. Drosophila macrosopina macrospina showed the product of 2.05 kb, but D. macrospina limpiensis, D. multispina, and D. subfunebris did not produce any amplification product of this size. PCR amplifications with primers 2 and 3 produced two fragments, one of 3.45 kb peculiar to the Bilbao strain, and another of 0.55 kb common to the Kentucky and Bilbao strains that corresponds to the spacer between Adh and Adhr. Drosophila macrosopina macrospina showed the product of 
Substitution Rates
We calculated the synonymous (K s ) and nonsynonymous (K a ) substitution rates of D. funebris versus eight species representative of the different subgenera for Adh and Adhr (table 2) . Synonymous substitution rates show that Adhr is evolving slightly faster than Adh. As an easy way to compare the relative evolutionary rates of these two genes, we calculated the ratios between the K s of Adh and the K s of Adhr (table 3, below diagonal). We found that the rates of these two genes are closest in D. funebris, since their ratios are nearest to 1. They are also among the fastest in the comparisons of D. funebris with Drosophila guanche and D. subobscura (in bold in table 3). These ratios indicate that in the last two species, Adh evolves faster than Adhr. The same situation is observed in the comparisons of Drosophila pseudobscura with D. guanche and D. subobscura.
The nonsynonymous rate values of both genes (table 2), the amino acid replacement rate (table 4), and the ratios K a Adh/K a Adhr (table 3, above diagonal) show that at nonsynonymous positions, Adhr is generally better conserved than Adh, since the ratios are higher than 1. However, two remarkable facts concerning the ratio K a Adh/K a Adhr emerge. One is for the pair D. funebris-D. immigrans, which has the most extreme value (table 3, in bold), indicating that Adh evolves 2.5 times as fast as Adhr when, on average, it evolves 1.25 as fast as Adhr for comparisons of D. funebris with other species pairs. The other remarkable fact is observed in comparisons between some species pairs of melanogaster and obscura groups, for which the ratio K a Adh/K a Adhr is about 0. Phylogenetic Analysis of Adh and Adhr Sequences Phylogenetic relationships were analyzed using 765 nt of the Adh gene (codons 3 and 4 in the melanogaster group and Zaprionus were eliminated) and 798 nt of the Adhr gene. For the trees generated with both genes, the length of the sequence of Adhr was shortened to 765 nt at the C-terminus for correct alignment with Adh. ME and NJ trees with bootstrap 1,000 replications were generated for Adh, Adhr, and both genes, as in Russo, Takezaki, and Nei (1995) , since they originated from an ancient duplication (Schaeffer and Aquadro 1987) . The species used are representative of all subgenera and groups for which Adh and/or Adhr have been sequenced. The trees were reconstructed without any outgroup ( fig. 9 ) or using S. lebanonensis as an outgroup (data not shown).
In the NJ and ME Adh trees without an outgroup, D. funebris is clustered with D. immigrans with a bootstrap confidence level (BCL) of 90% and a confidence probability (CP) of 99% ( fig. 9A ). When S. lebanonensis is used as an outgroup, the topology for the clade D. funebris-D. immigrans is the same as described above, but Zaprionus tuberculatus is clustered with the species of the subgenus Drosophila as in Russo, Takezaki, and Nei (1995) . The Adhr trees with and without S. lebanonensis as outgroup also produce the same topology with a BCL of 100% and CP of 99% ( fig. 9B ).
NJ and ME trees with both genes also cluster D. funebris with D. immigrans ( fig. 9C ) in the Adh gene clade with a BCL of 87% and a CP of 95% and in the Adhr clade with a BCL of 99% and a CP of 99%. There is a second ME tree relative to the position of S. lebanonensis Adhr ( fig. 9D ) in which the clade D. funebris-D. immigrans is clustered with S. lebanonensis, although with a CP of 22%, which is much lower than the value obtained for the topology in figure 9C .
Discussion
The sequence analysis of the Adh gene in D. funebris indicates that evolutionary change has generated a gene under the control of a single promoter, since all elements similar to those already described for the wildtype expression of the gene in D. melanogaster are upstream of the only promoter recognized by the interspecific funebris-virilis-immigrans alignment. This indication was confirmed by our finding of Adh mRNA of the same size at the 5Ј end both in larvae and in adults. The loss of the distal promoter was possibly mediated by the insertion of the IS element described in this region, and the changes in the proximal promoter have made this promoter functional in adults. The region corresponding to the initiator of transcription of the D. funebris Adh gene shows 75% identity with the distal initiator element (DIE) of D. melanogaster Adh (fig. 4) , which directs differential recognition of the distal promoter by a TBP-TAF complex in concert with the TFIIA (Hansen and Tjian 1995) . It also has the same sequence as the D. virilis distal initiator and the TCAGT element described some nucleotides downstream of most Adh distal promoters. It is likely that these sequence characteristics fig. 3 , in bold). Box-B, recognized by the activator BBF-2 (Abel, Bhatt, and Maniatis 1992) , shows 60% identity. DEP1-DEP2, which is recognized by the activator FTZ-F1 and by the Drosophila hormone receptor DHR39 acting as a repressor (Ayer et al. 1993) , shows 90% identity. A sequence element with an identity of 79% to the AEF1/ cEBP has been identified downstream of DEP1-DEP2, whereas in D. melanogaster, it is upstream of this element. The Adf-2 (GAGA) binding site (Benyajati et al. 1992 (Benyajati et al. , 1997 Soeller, Euk, and Kornberg 1993) shows 82% identity. The conservation of these elements suggests that they are functional, but this hypothesis is still to be proved. We also identified some of the elements upstream of the promoter of D. funebris Adh, such as GATA and Adf-1 binding sites, necessary for the expression of Adh from the proximal promoter in different species of Drosophila. The identification of all these elements suggests that they can regulate this promoter in larvae and adults and that evolutionary change is modeling the Adh regulatory regions in the Drosophila subgenus in a more striking way than in any other subgenus.
Evolution of Adh and Adhr Genes
The evolution of Adh and Adhr coding regions is striking in D. funebris, as the analysis of synonymous and nonsynonymous substitutions reveals. First, higher values of K s for D. funebris Adh than for S. lebanonesis, considered outside the genus Drosophila, were observed. These higher values could be explained by the more unbiased usage of the code in D. funebris, since the values of codon bias ( 2 /L) were 0.26 and 0.45, respectively. The low codon bias has been correlated with low levels of gene expression in D. melanogaster (Shields et al. 1988 ) and in Escherichia coli (Bennetzen and Hall 1982; Ikemura 1982) . In D. funebris, the values of codon bias for Adh (0.24) and Adhr (0.26) are only 8% different, although the levels of expression of the two genes are dramatically different (unpublished data), as in D. melanogaster (Brogna and Ashburner 1997) . Therefore, it does not seem that the low codon bias and higher K s values for Adh in D. funebris are related to its expression rate. Another possible explanation for the low codon bias and the higher K s value is based on the Hill-Robertson effect (Hill and Robertson 1966) , by which a reduction in the effective population size for a locus linked to a second locus under selection occurs. This reduction implies that selection is relaxed in these regions, which is consistent with the observation that genes located in genomic regions with a drastic reduction in the recombination rate tend to exhibit a low codon bias (Kliman and Hey 1993) . One of them is the yellow gene, which, in D. melanogaster, maps very close to the telomere of the X chromosome and has a codon bias of 0.21. However, the same gene in D. subobscura is located in a genomic region that is not suspected of reduced recombination and has a codon bias of 0.75 (Munté, Aguadé, and Segarra 1997) . The Adh gene of D. funebris is located in the center of the second section near the centromere (section 59) of the chromosome homologous to the 2L of D. melanogaster (Gallego, Juan, and Papaceit 1999) . According to Kliman and Hey (1993) , this chromosomal region shows a reduction of the recombination rate of one order of magnitude in D. melanogaster. Should this effect apply to the Adh region of D. funebris, a higher K s value and a low codon bias would be expected and might be related to the Adh location rather than to the level of gene expression. The location of the Adh of D. virilis is similar to that of D. funebris, and its codon bias is 0.30 (Nurminsky et al. 1996) .
Second, there are 25 amino acid replacements between the Adh of D. funebris and that of D. immigrans, and there are 12 for Adhr (table 4). The ratio K a Adh/ K a Adhr is 2.5, which is double the ratio for each of these two species versus species of melanogaster and obscura groups of the subgenus Sophophora and versus S. lebanonensis. This could be due to the increase in the nonsynonymous substitution rate of Adh in D. funebris, to the decrease in the substitution rate in D. immigrans, to both processes at the same time, or to an effect of the Adhr gene. 9 ). This lack of significance may be due to the small sample size, but there appears to be a clear tendency. Should the recombination be reduced in this region and selection relaxed, the effect might also explain an increase in the nonsynonymous substitution rate. In this case, the effect of relaxed selection would be stronger for Adh than for Adhr, given the stronger constraints against amino acid replacements in Adhr. However, characterization of the recombination rate and polymorphism in this region is necessary to understand the values of K s and K a observed for the Adh and Adhr of D. funebris.
As a general trend, Adh is evolving more rapidly than Adhr at nonsynonymous positions and at similar rates at synonymous positions. However, the ratio of nonsynonymous rates is doubled in the pair D. funebris-D. immigrans and decreases by half in some pairs of melanogaster and obscura groups, indicating different modes of evolution of Adh relative to Adhr in Drosophila species.
Duplication Containing the Adh Gene in the funebris
Group
The presence of a nonfixed duplication in strains of D. funebris of different geographic origins and in another species of the group suggests that the duplication might have predated the divergence of the funebris species group. The identity of the two copies observed in the Bilbao strain should be assumed to be maintained by gene conversion. Should this be the case, the absence of DpAdh in some strains and species of the funebris group could be explained by the loss of the duplication. Another possible interpretation is that it is a very recent and not even unique event that might have been mediated by the IS-like sequences described upstream of the Adh promoter in the two sequenced strains of D. funebris. The second interpretation might also explain why the duplication is absent in some species of the group. The lack of similarity in regions a and b ( fig. 1B) would be indicative of an event of nonhomologous recombination. A more exhaustive analysis is necessary to shed light on the mechanisms that gave rise to this duplication. On the other hand, gene duplication is not a rare event in Drosophila and appears to be frequent in the chromosomal region encompassing Adh, since it has been described for the repleta and virilis groups (Sullivan, Atkinson, and Starmer 1990; Nurminsky et al. 1996) . However, intraspecific duplication polymorphism of functional genes is extremely rare. In fact, only duplication polymorphisms for the methallothionein gene (Mtn) in D. melanogaster (Maroni, Young, and Otto 1987; Lange, Langley, and Stephan 1990) and for urate oxidase (UO) in D. virilis (Lootens, Burnett, and Friedman 1993) have been reported previously. The case of Mtn polymorphic duplication has been suggested to represent an informative example of the early stages in the development of a new gene family, but no significant differences in the duplication haplotype frequencies were found in populations exposed to heavy metals (Lange, Langley, and Stephan 1990) .The possible role of the Adh duplication in D. funebris and its maintenance remains to be elucidated.
Time of Divergence
A synonymous rate of 1.5 ϫ 10 Ϫ8 substitutions per nucleotide per year has been estimated using Adh of Hawaiian species and the time of formation of the Hawaiian Islands (Rowan and Hunt 1991) . However, the recalculated value according to Li (1993) is 1.43 ϫ 10 Ϫ8 . Taking into account that the codon bias in D. funebris is very low and similar to that in the Hawaiian species, indicating that third codon positions are less evolutionarily constrained, and assuming constancy in evolutionary rates, we used the average number of synonymous substitutions per site in pairwise comparisons of Adh in species of the repleta, virilis, and Hawaiian clades ( fig. 9) , which is 0.98 Ϯ 0.130, to estimate the time of divergence of D. funebris as 34.5 Ϯ 4.5 Myr. We also estimated the time of divergence of D. immigrans and that between D. funebris and D. immigrans. We compared them with the values obtained using substitution rates calculated according to Tajima and Nei (1984) and the rate of 1 ϫ 10 Ϫ8 substitutions per site per year (Russo, Takezaki, and Nei 1995) (table 5) . The divergence time between D. immigrans and species of the repleta group estimated by Russo, Takezaki, and Nei (1995) is 33.1 Ϯ 3.16, which does not differ from our estimates significantly. Divergence times obtained using K s values are lower than those for distances obtained using substitution rates in third codon positions, since, as expected, they are less evolutionarily constrained. The time of divergence between D. funebris and D. immigrans was estimated as being between 23.5 Ϯ 3.07 and 26. 7 Ϯ 3.5 Myr, with rates of 1.43 ϫ 10 Ϫ8 and 1 ϫ 10 Ϫ8 , respectively. Therefore, the structure of an Adh gene with one single promoter is likely to have arisen less than 26.7 MYA.
